Purpose Sebum is an important shunt pathway for transdermal permeation and targeted delivery, but there have been limited studies on its permeation properties. Here we report a measurement and modelling study of solute partition to artificial sebum.
INTRODUCTION
Chemical partition to heterogeneous structures of biosubstrates has important impact on controlled delivery and deposition. For transdermal delivery, a number of mathematical models have been proposed to predict skin permeation (1) (2) (3) . In most skin permeation models, stratum corneum is regarded as the primary barrier. In addition to transdermal permeation through the stratum corneum, a number of studies have showed that the shunt pathways of hair follicles and sebaceous glands also contribute significantly to the penetration of chemicals across the skin. Hair follicles are connected with blood capillaries and sebaceous glands, which can serve not only as a major entry point but also as a reservoir for dermally applied substances (4). It's been reported that targeting delivery to the pilosebaceous unit allow increased deposition of the active compounds into hair follicular ducts, while at the same time, retarding transepidermal transport (5-9). Meidan and Motwani reported that the pilosebaceous unit could contribute significantly to topical and transdermal delivery in addition to transepidermal route (4, 10) . Usually, the hair follicle openings only occupy about 0.1% of the human skin surface area and can be up to 1.3% in some area with high density of hair follicles, like scalp and forehead (11) . Considering the invaginations of the epidermis extending deep into the dermis, there will be a much greater area for potential absorption below the skin surface (12, 13 ). An earlier in-vitro measurement on sandwich skin layers showed that follicles can contribute 2% to 4% of the transport for lipophilic solutes and up to 60% for hydrophilic compounds (14) . Mohd et al. studied the contribution of hair follicular pathway to the total skin permeation of topically applied chemicals. They found that hair follicles contributed significantly to the permeation of hydrophilic chemicals but for hydrophobic chemicals there was a greater reduction of permeation due to hair follicle plugging (15) . Another clinical study of caffeine solution applied to human chest with and without hair follicle blocking showed hair follicle contributes more than 20% to transdermal bioavailability of caffeine in blood circulation (16) . Kattou et al. presented an in-silico modelling study to support this and showed that the follicular pathway contributes to not only the short time fast penetration, but also the overall systemic bioavailability (17) .
The pilosebaceous unit in hair follicles has a complex threedimensional structure that regulates various biochemical, immunological and metabolic activities. One of the key function of pilosebaceous unit is the synthesis and release of sebum-a highly complex mixture of lipids and consists of triglycerides, wax esters, fatty acids, which together account for 80-90% of its composition. Sebum also consists of squalene, small amounts of cholesterol or cholesterol esters. There are many differences between the compositions of sebum and lipid in stratum corneum (almost equal proportions of fatty acids, cholesterol and ceramides) (18) . Sebum is less structured compared to the lipid in stratum corneum and can form a thin film on the skin surface, fill the cap of hair follicles. Topical vehicles mixed with sebum will promote delivery to hair follicles and sebaceous glands (19, 20) .
Despite compelling evidences that sebum in hair follicles has significant impact on transdermal delivery, there is a debate on how chemicals of different physical chemical properties permeate through the shunt pathway of hair follicles. There exist very limited studies on the partition and diffusion properties of chemicals in sebum in the open literature. To our knowledge, the only data available were those published by Valiveti et al. (8, 21) , where artificial sebum was used to measure the diffusion and partition properties of chemicals in sebum. Valiveti et al. found that there was a poor linear correlation between the octanol-water partition coefficient (K ow ) and measured sebum-water partition coefficient (K sw ). The linear relationship between log K sw and log K ow was only observed in the compounds of 4-hydroxybenzoate series.
In this study, artificial sebum has been prepared and experiments have been performed to measure the sebum-water partition of a range of neutral, cationic and anionic chemicals at different pH. The effect of molecular hydrophobicity and charge interaction on sebum-water partition has been analyzed. A new QSPR model is proposed to fit the data. The new QSPR model considers the hydrophobicity and ionization of chemicals and the charge properties of fatty acids in sebum at different pH. There is a much better correlation between measured log K sw and the calculated log K sw by the new model.
MATERIALS AND METHODS

Chemicals
Chemical composition of sebum: squalene, olive oil, cotton oil, coconut oil (purchased from J&K Scientific LTD, Bejing, China) and paraffin wax, oleic acid, palmitic acid, palmitoleic acid, cholesterol, cholesterol oleate, cetyl alcohol, cetyl palmitate (obtained from Sigma-Aldrich Chemical Company, Inc., Shanghai, China).
A total of 23 chemicals were selected for the partition study: caffeine, thiabendazole, theobromine, benzophenone, testosterone, climbazole, lidocaine, tetracaine, quinine, ketoprofen, naproxen and ibuprofen purchased from J&K Scientific LTD (Bejing, China), (+)-propranolol, nortriptyline hydrochloride, amitriptyline hydrochloride, piroctone olamine were obtained from Sigma-Aldrich Chemical Company, Inc. (Shanghai, China), cimetidine, thymol and procaine purchased from Tokyo Chemical Industry (TCI) CO., LTD (Shanghai, China), vanilline, theobromine, benzoic acid and salicylic acid purchased from the National Institute for the Control of Pharmaceutical and Biological Products of China (Beijing, China).
Buffer Solution
Phosphate buffer and citrate phosphate buffer (CPB). The phosphate buffers were prepared from NaH 2 PO 4 •2H 2 O and NaH 2 PO 4 •2H 2 O as 100 mM solutions for pH 6.0, 6.5, 7.0, 7.4. And the CPB was prepared from NaH 2 PO 4 •2H 2 O and citric acid as 100 mM solutions for pH 4.2, 4.6, 5.2, and 5.5. Acetonitrile, methanol, acetic acid, sodium dihydrogen phosphate, sodium dihydrogen phosphate for HPLC were obtained from Lanyi, Inc. (Beijing, China). All other reagents used were of analytical grade or purer.
Instruments
The main equipment used is a Waters e2695 series highpressure lipid chromatography (HPLC) instrument with a 2489 UV/Vis detector (Waters, Inc., Milford, MA). All the mobile phases were degassed thoroughly by ultrasound and all the solutions were filtered by millipore filter (PES, 0.22 μm, purchased from Membrana, Germany) before injection into the HPLC. Two LHSZ 300 series water bath oscillators and a XS205 series precision electronic balance (Mettler Toledo, Switzerland) were obtained from Suzhou Peiying Chemical Equipment CO., LTD (Suzhou, China). The UV-vis spectrophotometer (UV 2550) was obtained by Shimadzu, Japan. The centrifuge was obtained from Shanghai Anke CO., LTD (Shanghai, China).
Preparation of the Artificial Sebum
The main components of sebum are triglycerides, wax esters, squalene, cholesterol and cholesterol esters (16) . The artificial sebum was prepared according to the method of Valiveti et al. (8, 21) and shown in Table S1 . The ingredients were weighed out (%, w/w) in a brown glass beaker and heated to 60°C with intermittent stirring until all the solids became liquid. About 10 min later, when the ingredients were well-mixed, the artificial sebum was allowed to cool and solidify at room temperature.
Determination of K sw Via Equilibrium Experiments
The details of the equilibrium experiment conditions are listed in Table I . The chemicals are dissolved in aqueous buffer of different pH (pH = 4.2, 4.6, 5.2, 5.5, 6.0, 6.5, 7.0 and 7.4) and mixed with sebum samples. Here, different pH of the buffer solution is used to account for different dermal exposure conditions. The initial concentration (C ini ) of each chemical in the aqueous phase was kept much lower than that of the saturation concentration (C sat ). The equilibrium temperature was set to 32°C, which was close to the temperature of skin surface and was frequently used in skin permeation studies (22) (23) (24) . Later, the equilibration vials were kept in a shaker at 32°C for 48 h. The aqueous phase was separated by centrifugation at 4000 g for 10 min, filtered by millipore filter (PES, 0.22 μm) and analyzed using HPLC. The HPLC conditions for all tested chemicals are listed in Table I . The amount of chemicals partitioned into sebum was calculated by subtracting the amount of the chemicals remained in the solution from that in the initial solution (depletion methods). The partition coefficients were calculated as the ratio of the concentration of chemicals in 1 g of artificial sebum to that in 1 g of aqueous solution.
In order to check that the depletion method is accurate, direct measurements of sebum-water partition coefficients have been carried out for three highly lipophilic solutes (benzophenone, climbazole and nortriptyline hydrochloride). Of 25.0 mg sebum was mixed with 12.5 mL chemical solution (20.0 μg/mL) at pH 5.5 for 48 h. The aqueous phase and the sebum phase were separated by centrifugation. The sebum phase was dissolved in methylbenzene, and the concentration of the three chemicals in both the aqueous phase and dissolved sebum phase was determined by UV-visspectrophotometry. The results are shown in Table S2 . There was no significant difference in the measured sebum-water partition coefficients between the two methods. The total amount of the three chemicals in the aqueous phase and sebum phase was close to the total amount initially added, suggesting the depletion method is reasonably accurate and the binding of hydrophobic chemicals to the apparatus is sufficiently small.
Experiments have been also conducted to measure the possible dissolution of fatty acids (palmitic acid, palmitoleic acid and oleic acid) in the aqueous phase. Briefly, of 50.0 mg of sebum was mixed with 5.0 mL buffer a different pH (pH = 4.2, 4.6, 5.2, 5.5, 6.0, 6.5, 7.0 and 7.4) and equilibrated for 48 h at 32°C. The aqueous phase was obtained by centrifugation at 4000 g for 10 min and analyzed by HPLC (HPLC conditions: acetonitrile/0.1% H 3 PO 4 (v/v, 88/12), 203 nm and 1.0 mL/min). The results showed that only at pH 7.4, a very small amounts of fatty acids were detected in the aqueous phase. The mass percentage of dissolved palmitic acid, palmitoleic acid and oleic acid measured in the aqueous phase only account for (0.28 ± 0.03) %, 0.25 ± 0.01) % and (0.62 ± 0.05) % of the total amount initially contained in the sebum. Such low level of fatty acid dissolution in the aqueous phase has negligible effect on the overall sebum-water partition coefficient of chemicals.
Data Analysis
All the values of log K ow and log D ow were obtained from MarvinSketch software. The data in MarvinSketch were obtained from PHYSPROP database (25) . PHYSPROP database contains CAS Registry numbers, chemical names, melting points, boiling points, water solubilities, vapor pressures, dissociation constants, log K ow and log D ow for over 41,000 chemicals. These physical properties collected from a wide variety of sources include experimental, extrapolated and estimated values. The experimental data of chemical partition in artificial sebum were fitted to QSPR models with a one-way ANOVA followed by Tukey's post hoc analysis using SIMASTAT (SPSS, Chicago, IL). The leave-one-out (LOO) cross-validation and curve-fitting of the partition data were carried out using Origin 9.0 software (Micro Cal Inc.).
RESULTS
Equilibrium Time
The 23 chemicals measured in this study represent a wide range of K ow (−0.54 ≤ logK ow ≤ 4.88) and molecular weights (122.12 ≤ MW ≤ 324.24). At pH 5.5, these chemicals can be grouped into 9 neutral molecules, 8 cations, 2 anions and 4 Figure 1 showed that equilibrium was reached at about 36 h for all selected model compounds. Thus, the partition experiments for all other chemicals were measured at 48 h of equilibration at 32°C.
Sebum-Water Partition Coefficients
The sebum-water partition coefficients of the selected chemicals are listed in Table II . The correlations between log K sw and log K ow could be seen in the Fig. 2a . There is a poor correlation between log K sw and log K ow and a significant scattering of the data can be seen (R 2 = 0.7038, RMSE (root-mean-square-error) = 0.8623, N = 40). Valiveti et al. (21) also tried to correlate their values of log K sw to log K ow , but the correlation was also poor. For some chemicals with similar values of log K ow , the sebum-water partition coefficients can be quite different. For instance, the log K ow of thymol and ketoprofen are very close, 3.40 and 3.48, respectively, but the measured sebum-water partition coefficient of thymol at pH 5.5 (log K sw = 2.62 ± 0.02) is about two orders of magnitude higher than that of ketoprofen (log K sw = 0.73 ± 0.01). Lidocaine and benzoic acid have the same value of K ow (log K ow = 1.66), but the measured K sw of lidocaine at pH 5.5 is (3.81 ± 0.19) (log K sw = 0.58 ± 0.02), and that of benzoic acid is negligibly small.
Changes in the neutral fraction of chemicals can influence lipid-water partition (26, 27) . Some studies used log D ow to correlate the lipid-water partition properties of ionized chemicals, where log D o w represents the octanol-water partition of the unionized fraction and is related to log K ow and pH according to the following equation:
pH−pKa (for acids) or
When the measured sebum-water partition coefficients are plotted against log D ow in Fig. 2b , there is still a poor correlation (R 2 = 0.5410, RMSE = 1.0885, N = 40). With the log D ow correlation, only the equilibrium state the aqueous buffer is considered, and it is assumed that ionized fractions of chemicals do not partition into the sebum. It appears that there are additional charge interactions between ionizable chemicals and sebum and only considering the ionized state of the chemicals is not sufficient to account for the pH effect on their sebum-water partition coefficients.
To identify the key factors that affect the partition of chemicals into sebum, we group the tested chemicals into neutral, cationic and anionic species, respectively. It appears that compared to neutral molecules, ionized species showed lower sebum-water partition coefficients due to their poor solubility in sebum. There were big differences in the measured partition coefficients between cations and anions at the same log K ow . At both pH 5.5 and 7.4, the sebum-water partition coefficients of anions (benzoic acid and salicylic acid) are negligibly small although both have moderate values of log K ow of 1.87 and 2.24. On the contrary, the measured sebumwater partition coefficients of cationic chemicals were much higher than that of anionic chemicals. For instance, at pH 5.5, the measured values of log K sw of quinine (log K ow = 3.44) and nortriptyline hydrochloride (log K ow = 4.37) were 2.16 ± 0.01 and 2.50 ± 0.04 respectively. As pH increases to 7.4, the measured values of log K sw of the two compounds were increased to 3.57 ± 0.01 and 3.32 ± 0.01. Obviously, the partition of chemicals into sebum depends on not only their hydrophobicity (log K ow ), but also their ionized state and pH.
DISCUSSION The Effect of Electrostatic Interaction
Change in the pH of the aqueous-sebum system affects not only the ionized state of the dissolved chemicals but also the ionized state of the fatty acids in the infused sebum. The main chemical components of sebum are wax, triglycerides, squalene and fatty acids (e.g. palmitic acids, palmitoleic acid, oleic acid et al.). The percentage of fatty acids in human sebum varies greatly and depends on the degree of triglyceride degradation which occurs when sebum is secreted from the sebaceous glands and flows to the skin surface (8, 21) . Here, there is 11% of fatty acid in the artificial sebum. Wax, triglycerides and squalene do not ionize as pH changes and only the fatty acids can be ionized. The pKa values of fatty acids (palmitic acids, palmitoleic acid, oleic acid) is about 4.95. Some studies reported that the apparent pKa of fatty acids can shift at lipidwater system (28, 29) . Using Small's methods (28) , the apparent pKa of fatty acids in the artificial sebum was measured potentionmetrically. Of 0.45 M NaOH was added into the sebum-water system, and the pH was measured after each titration. The results are shown in Fig. S1 . The apparent pKa of fatty acids in sebum is 6.95, about 2 units higher than that in water (4.95). This is similar to Kramer's research that pKa of oleic acids in lipid membrane changed from 4.8 to 6~8 at different conditions (29) . Using the shifted pKa value of 6.95, the ionized fraction of fatty acids in sebum is estimated to be 3.43% at pH 5.5 and 73.81% at pH 7.4. Ionized fatty acids are negatively charged, attracting cationic species and expelling anionic species. It appears that the electrostatic interaction between ionized cations and anions of chemicals and ionized fatty acids in sebum also has significant impact on the sebum-water partition coefficients. Figure 3 further illustrates the pH effect on the partition of neutral chemicals and cationic chemicals to sebum, using testosterone and (+)-propranolol as examples. In order to elucidate the effect of pH on charged chemicals of the same hydrophobicity, the measured partition coefficients were normalized using Eq. (3a) and (3b), 
As we can see in the data, the values of K sw of neutral chemicals showed a decrease as the increase of pH, and we set the highest K sw at pH 4.2 as 1.0; on the contrary, at pH 7.4, the value of K sw of cationic chemicals was the highest and was set as 1.0.
When the pH of the aqueous solution varied from 4.2 to 7.4, testosterone remained fully neutral and (+)-propranolol was almost fully ionized. At pH 4.2, the unionized fraction of propranolol was nearly 0% and that at pH 7.4 was still 0.54%. The percentage of ionized anions of free acids however increased significantly within this pH range. As the negativity of the fatty acids in the sebum increases, the partition of the neutral compound testosterone to sebum slightly decreased from log K sw of (2.24 ± 0.02) at pH 4.2 to (2.12 ± 0.01) at pH 7.4. This also correlates with a decrease in the neutral fraction of the free fatty acids in the sebum. This is expected as neutral molecules like to dissolve in neutral lipids. It appears that a decrease in the neutral fraction of the free fatty acids in the sebum led to a decrease in the partition of neutral testosterone in sebum. Figure 3 indicates that for the cationic compound (+)-propranolol which is almost fully ionized in the pH range, (100% cationic fraction at pH 4.2 and 99.46% at pH 7.4), there was still a significant increase of its sebum-water partition coefficient with increasing pH. At pH 4.2, the log K sw of (+)-propranolol was only (0.71 ± 0.03) while at pH 7.4, it is increased to (2.73 ± 0.04), of two orders of magnitude higher. Clearly, an increase in the pH resulted in an increase in the negative charge on the fatty acids in sebum and an increased electrostatic attraction to cations. That fatty acids in lipids can become charged depending on pH was reported before, e.g. in Kramer's research (29) , It appears that the main mechanism for the rapid increase in the partition of cationic (+)-propranolol to sebum with increasing pH is due to the increased electrostatic attraction of fully ionized solutes to the negatively charged of fatty acids in sebum, which also increased with increasing pH.
New QSPR Model for Predicting K sw
Based on the foregoing observations of the sebum-water partition of neutral, cationic and anionic chemicals, we propose a new quantitative structure property relationship (QSPR) model for the sebum-water partition coefficient of wide chemicals. Here, we not only consider the equilibrium of the ionized and neutral fractions of solutes in the aqueous buffer solution and its effect on sebum partition, but also the additional charge interaction between dissolved species in the aqueous buffer and sebum. First, for a given chemical, we calculate its fractions of neutral, cationic and anionic species using the pH dependent equilibrium relationship Eq. (2) . Second, we propose that the overall sebum-water partition coefficient of a chemical is the collective partitioning of its neutral, cationic and anionic fractions using the following general equation.
Here, f non , f cat and f ani (f non + f cat + f ani = 1) are the fractions of neutral, cationic and anionic species of a chemical at a given pH; the parameters φ non, φ cat and φ ani are pre-factors representing the change in the sebum-water partition due to the electrostatic interaction between the charged fraction of the dissolved chemical and the ionized fraction of fatty acids in sebum, and K swo represents the partition of the chemical to sebum due to hydrophobic interaction when the dissolved chemical is neutral. The neutral and ionized fractions of a chemical in the aqueous buffer solution is a function of pH (Eq. 2). With the partitioning experiments, the ratio of the aqueous to sebum was high and the pH did not change during the re-establishment of the equilibrium. As a result, the fraction parameters of f non , f cat and f ani were constant, which was also the case with other reported studies (26, 27) .
The first term of Eq. (4) represents the partition of the neutral fraction of the dissolved chemical. This is essentially the log D ow effect. The second term of Eq. (4) accounts for the sebum-water partition due to the electrostatic attraction of the cationic fraction of dissolved chemical to negatively charged fatty acids in sebum. The third term in Eq. (4) (f ani φ ani K swo ) represents the sebum-water partition of anions which is negligibly small and can be omitted according to our data.
In Fig. 4a , the measured K sw of two neutral molecules of testosterone and thymol is plotted as a function of the fraction of the ionized free fatty acids of sebum. The fraction of the ionized fatty acids of sebum η FA is calculated by Eq. 
As the pH increases, the pre-factor for the partition of neutral chemicals in sebum decreases slightly with the ionized fraction of the fatty acids. The relationship is rather linear and can be best-fitted by the following function of η FA .
For the cationic compounds nortriptyline hydrochloride and (+)-propranolol, increasing pH resulted in an increase in their partition to sebum. Likewise, the measured sebum-water partition coefficients of cationic compounds nortriptyline hydrochloride and (+)-propranolol are plotted as a function of the percentage of the ionized free fatty acids of sebum (Fig. 4b) . Clearly, as pH increases, the fatty acids in sebum become more negatively charged and attracted more cationic chemicals into the sebum phase. The relationship for the increased electrostatic attraction between cations and negatively charged fatty acids is also linear and can be best-fitted by the following equation.
Substituting Eqs. (5), (6), (7) into Eq. (4) leads to the following equation. 
Like before, it is reasonable to assume that the influence of the hydrophobic interaction on the sebum-water partition of neutral chemicals scales to the octanol-water partition 
Fitting this relationship to the whole data set (N = 66, including the chemicals at different pH) of the 23 chemicals (Fig. 5) leads to the following equation derived for sebumwater partition due to the hydrophobic interaction between sebum and chemicals.
Compared to the current partition model of lipid in stratum corneum (logK lw = 0.69 log K ow ) (24) , the exponential term of Eq. (8d) is slightly higher. Triglycerides (log K ow is around 14.00), wax esters (log K ow is around 15.00) and squalene (log K ow = 11.77) in sebum are more hydrophobic than that of fatty acids (log K ow is around 7.00) and cholesterol (log K ow = 7.57) in lipid. Thus, a stronger hydrophobic interaction of sebum is expected than stratum corneum lipid.
When Eq. (8d) is substituted into Eq. (8b), the following QSPR model for the sebum-water partition coefficients of all chemicals (c = 0.79) can be obtained. The above process resulted in 66 different models fitted and created 66 calculated partition coefficients (LOO log K sw ) and the results are listed in Table II . In this process, the sample left out was not involved in the building of the model. Therefore, the procedure did not have any information leak. The RMSE between the measured log K sw and predicted LOO log K sw was 0.4535, and the square of the standard deviations (R LOO 2 ) was 0.8937 (Fig. 6a) , which were quite close to that of QSPR model build on the whole data set (R 2 = 0.8939, RMSE = 0.4514). The parameter Bc^of these 66 models ranged from 0.78 to 0.80, respectively, which was very close to the QSPR model of the whole data set (c = 0.79). The leave-one-out cross validation showed the new QSPR model had a good accuracy for predicting the dataset of the measured sebum-water partition coefficients.
Finally, we test the model against the dataset of the 12 chemicals reported by Valiveti et al. (21) . The results are shown in the Table S3 . The model also predicted the measured data well. Figure 6b plots the predicted value against the measured data for all the chemicals measured in this study and that measured by Valiveti et al. (21) . The model produced a determination coefficient of R 2 = 0.8851, indicating much of the Fig. 5 Correlation of log K swo with octanol-water partition coefficient log K ow . Fig. 6 Comparison of (a) leave-one-out cross validation LOO log K sw to measured log K sw (N = 66) and (b) calculated log K sw to measured log K sw data of Valiveti (2008) and current study (N = 78).
variability of the wide chemical space can be accurately predicted by the new QSPR model Eq. (8e).
CONCLUSION
Reported herein are the measured sebum-water partition coefficients of 23 neutral, cationic and anionic chemicals at different pH. The data showed that sebum-water partition not only depends on octanol-water partition coefficients, but also on pH. The impact of pH on sebum-water partition of chemicals can be explained by the electrostatic interactions between ionized solute and fatty acids in sebum. Increasing the pH from 4.2 to 7.4 resulted in an increased ionization of the free fatty acids and hence the negativity of the sebum. For neutral chemicals, increasing the pH resulted in a slight decrease in their partitioning to sebum and this can be due to the decreased neutral fraction of the fatty acids in sebum. This is consistent with the fact that neutral species of dissolved chemicals like to dissolve in neutral lipids. For cationic compounds, a rapid increase in their sebum-water partition is observed when pH increases. This is also for the case when the compound is fully the ionized. This suggests the use of the log D ow alone is not sufficient to account for the pH effect of sebum-water partition. There appears to be an additional electrostatic effect for the sebum-water partition of cationic molecules which increased due to the increased negative charge of the fatty acids in sebum. Anionic molecules had negligible sebum-water partition coefficients and this appears due to the electrostatic repulsion between anions and negatively charged fatty acids in sebum. Based on the new physicochemical insight of the pH effect on sebum-water partition of neutral, cationic and anionic chemicals, a new QSPR model has been proposed. This new QSPR model predicts the sebum-water partition as a function of both the hydrophobicity interaction and electrostatic effect. The new QSPR model produced a more accurate prediction for both the experimental data reported herein and the data reported by Valiveti et al. (21) (R 2 = 0.8851, RMSE = 0.4915). The inclusion of ionization of free fatty acids in the model, and the fact that it significantly improves the fitting, provides a plausible theoretical mechanism to explain the data.
